> The study of segmentation is comparable to the study of the Apocalypse. That way leads to madness.
>
> A. S. Romer (cited by Thomson 1993)

What are head segments?
=======================

The segmental plan of the vertebrate head is often illustrated in the introduction or conclusion to textbooks on vertebrate morphology (Goodrich [@B13]; de Beer [@B8]; Neal and Rand [@B44]; Romer [@B56]; Portmann [@B52]; Romer and Parsons [@B57]; Kardong [@B31]). This reflects the central importance that the idea of head segmentation has had in attempts to understand the various and complicated shapes of vertebrate heads or skulls. In fact, the idea of head segmentation was among the earliest theories in animal morphology (the German term "Morphologie" was coined by the great poet Goethe, one of the first advocates of "vertebral" theories of the skull. See Northcutt---this issue). The concept of segmentation (metamerism---reiteration of structure along the body axis), was considered together with the idea of transformation (metamorphosis---in which one metamere could transform into the likeness of another).

A second wave of research in head segmentation emerged in comparative embryology at the beginning of the 20th century. This renewed interest was strongly motivated by the discovery of mesodermal cysts in the heads of shark embryos as well as evidence that mesodermal segments extend to the anterior end of invertebrate chordate relatives, such as amphioxus. This led to a scheme of mesodermal segments in the vertebrate head that was likened to an array of somites. However, more recent studies have challenged this view.

A third wave of research in head segmentation has emerged out of contemporary evolutionary developmental (Evo-Devo) biology stemming from major new insights from paleontology, systematics, experimental embryology, and molecular genetics. Molecular developmental biology, in particular, has shown various segmental patterns of gene expression and cell lineage restrictions in the hindbrain and pharyngeal arches of vertebrate embryos (though not in the mesoderm). A clear segmental logic underlies the pattern formation of cranial peripheral nerves and musculoskeletal systems. Positional values within these systems are specified by the combined functions of Hox genes. This so-called Hox code is thought to be a universal trait of development in all metazoans (Slack et al. [@B59]).

A trend in modern Evo-Devo is to try and unify different doctrines. Therefore, we have asked the question---where has the concept of head segments gone? Have we graduated beyond the realm of idealistic morphology? Has the classic segmental view been reconciled with more recent results from molecular embryology? Is it totally meaningless? Are segmentalists still alive? We organized a symposium entitled "Vertebrate head segmentation in a modern Evo-Devo context", on January 3, 2008, at the Annual Meeting of the Society of Integrative and Comparative Biology held in San Antonio, Texas USA. As an introduction to these proceedings, we first give an historical overview of major head segmentation theories (summarized in much greater detail by R. G. Northcutt, this issue), to illuminate the major problems. We then summarize relevant achievements in studies of head segmentation that have accompanied the rise of Evo-Devo. One take-home message of the symposium is that the problem of head segmentation remains an unresolved and exciting area of study.

The (NC) and head segmentation---a new head?
============================================

One of the main reasons for the revival in interest in head segmentation has come from studies on the NC, especially experiments with chicken/quail chimeras during the 1980s (Le Douarin [@B38]; Noden [@B45], [@B46]; also see Couly et al. [@B7]; see Hanken and Hall [@B18]). These provided indisputable evidence for the NC origin of craniofacial (branchiomeric) skeletal elements---an idea first put forth by Julia Platt ([@B51]) a century ago (reviewed by Hall and Hörstadius 1988). A chimeric cell-labelling strategy also showed that the cranium contains both NC and mesoderm-derived portions, roughly corresponding to the division into neuro and viscero-crania, respectively (Le Lievre [@B39], [@B40]; Couly et al. [@B7]; Noden [@B45], [@B46]) and this has been confirmed recently in mice (**ref**). Thus, the skull is derived from different germ layers along the anterior-posterior axis, NC (ectoderm) in the anterior skull and mesoderm further posteriorly. The boundary between these two portions lies dorsally at the sagittal suture, and ventrally somewhere near the hypophysial foramen, corresponding to the rostral end of the notochord. The mesodermally derived skull (like somites that form the vertebrae) requires signals emanating from the notochord to differentiate into cartilage, whereas the NC-derived skeletogenic mesenchyme (ectomesenchyme) does not (Couly et al. [@B7]), further suggesting that head and trunk segments develop via distinct mechanisms.

Although research on vertebrate head development and the role of NC in the latter half of the 20th century was not focused exclusively on the segmental architecture of the cranium, it indirectly confirmed many of the segmental schemes of comparative embryologists like Goodrich ([@B13]), de Beer ([@B8]), Balfour ([@B3]), and van Wijhe ([@B63]). These "segmentalists" rarely took ectomesenchyme into consideration in their formulation because they viewed the vertebrate body as a series of mesodermal segments---the serial homologues of somites (for further discussion of segmentalist theory, see articles by R. G. Northcutt and by S. Kuratani---this issue).

The concept of a "New Head" by Gans and Northcutt ([@B10]) (Northcutt and Gans [@B47]) was born out of an attempt to reconcile classical theories of head segmentation with experimental embryology. These authors proposed that the NC and epidermal placodes, which give rise to skeletal elements and cranial nerve ganglia, were unique inventions in vertebrates that accompanied the evolution of a highly specialized skull and sense organs. This concept is still a central one in modern vertebrate Evo-Devo (NC and placodes are generally regarded as "synapomorphies" that define vertebrates or craniates). The New Head hypothesis acknowledges the difficulty of incorporating a NC origin for the skull into the classical views of the segmentalists, and argues against the idea that the vertebrate head is simply built through modifications of the same processes that pattern segments in the trunk. However, there is still room for argument here, since the pharyngeal arch segments of the skull are derived from partially iterated "streams" of migrating NC cells which, in turn, correspond to segmental bulges (rhombomeres) of the hindbrain (see below). In addition, the NC-derived neurocranium that surrounds the forebrain (the prechordal cranium of Couly et al. [@B7]) incorporates the trabeculae that segmentalists once considered to be an anterior head segment (or premandibular arch). As discussed extensively at our symposium, the idea of a "premandibular arch" may be wrong, at least developmentally, but any theory of head segmentation needs to consider the mass of ectomesenchyme that exists anterior to the mandibular arch.

Recent advances in cell labelling techniques have enabled embryologists to perform cell lineage studies of putative head segments in nonavian model systems. These have revealed curious differences in the contributions of mesoderm and NC cells to the skull in different species---morphologically identical (homologous) skeletal elements are NC-derived in one animal, but mesodermally derived in another. This problem first became apparent for the origins of dermal bones in the cranial vault (Le Lievre [@B39], [@B40]; Noden [@B45], [@B46]; Couly et al. [@B7]), and it now seems likely that skulls of different species each have their own, unique boundaries between mesodermal and NC domains (Jiang et al. [@B28]). The unity of experimental embryology and comparative morphology, which once seemed beautifully simple, has now become much more complicated. We can no longer assume the NC-origin of dermal bones simply because they belong to the exoskeleton. Furthermore, the segmental specification of the early streams of cranial NC does not seem to correspond necessarily to the segmental anatomy of the adult skull (see also J Hanken---this issue).

Somitomeres---a segmentalists\' dream?
======================================

Around the same time that experimental embryology in avian systems was most productive in the context of vertebrate head development, researchers examining embryonic head morphology with the scanning electron microscope introduced the idea of cephalic "somitomeres". By removing the surface ectoderm from the head, they reported that the paraxial mesoderm was organized into pseudosegmental units resembling incompletely differentiated somites, which they called somitomeres (Meier [@B43]; Jacobson [@B24], [@B25]; Jacobson and Meier [@B26]). Since then, however, there has been no clear evidence for somitomeres. It remains unclear how they relate to the epithelial cysts in the head mesoderm, that have been reported both in shark and chick embryos (Jacob and Jacob [@B23]; Jacob et al. [@B22]; also see Northcutt and Kuratani---this issue). Thus, despite lengthy discussion of the subject at our symposium, we still have no definite answer as to the existence or significance of somitomeres.

As discussed by the proponents of somitomere theory, the idea stemmed, at least in part, from the classic vertebral theories of the skull espoused by Goethe ([@B12]) and Oken ([@B48]). Such a simple scheme was very attractive for subsequent fate mapping studies of the head mesoderm (Tam and Trainor [@B60]; Trainor and Tam [@B62]; Noden [@B46]; Couly et al. [@B6]), which may help explain why the somitomere idea survived despite no further evidence from molecular- or cell lineage-level studies (Freund et al. [@B9]; Jouve et al. [@B30]). As discussed at the symposium, another reason for the persistence of the idea may have been that the concept of a somitomere was ill-defined, ambiguous, and latent (only incompletely segmented and nonepithelialized). Models for mesodermal segmentation may have also failed to perish entirely simply because developmental biologists\' attention was drawn to another set of much more clearly segmented structures in the hindbrain and NC, with clear expression of genes that function in a segmental manner, namely the Hox genes.

Rhombomeres, Hox genes, and transformation
==========================================

Beginning in the early 1990s, a new trend in studies of head segmentation emerged surrounding the rhombomeres of the hindbrain and the functions of Hox genes. Segmental bulges along the anterior-posterior axis of the neural tube had been described much earlier (von Baer [@B64]), but their significance remained unclear. Lumsden and Keynes ([@B41]) showed that these bulges reflect an underlying neuronal organization, namely of motor neurons that contribute to specific cranial nerves. Through these nerves, motor neurons within two adjacent rhombomeres innervate muscles within one pharyngeal arch, thereby linking neuromeric and branchiomeric segmentation. A further link came when it was shown that the Hox genes are expressed in a nested fashion along the neuraxis, with their anterior expression boundaries corresponding to boundaries within rhombomeres and pharyngeal arch NC (the so-called cephalic "Hox code"; Hunt et al. [@B21]). This provided the first molecular developmental evidence for segments within at least a subset of cranial tissues. It also once again suggested a link between the processes that pattern trunk and head segments since the Hox code extends into the trunk region with a similar nested pattern of expression.

The Hox code provides positional values that determine the identity of each segmental unit. Thus a shift in the Hox code shifts these positional values and can lead to shifts in the morphological identities of segments. For example, the small lipophilic signaling molecule, all-*trans* retinoic acid (RA), activates Hox expression and when applied ectopically this can lead to posteriorization---manifest as transformations of vertebral shape (reviewed by Kessel [@B32]), as well as the neuronal and skeletal identities of rhombomeres and pharyngeal arches, respectively, in the head (Rijli et al. [@B55]; Gendron-McGuire et al. [@B11]). RA is thought to form an anteriorly declining gradient across the hindbrain field in the early embryo that reflects its sites of synthesis and degradation, and may be quite distinct from its roles in patterning trunk segments (see T Schilling---this issue). A-P patterning involving RA signaling has been conserved among deuterostomes and, like the Hox code, appears to have been co-opted for roles in both head and trunk segments.

Rhombomeres are closely associated with the migration patterns of cranial NC cells. There are three major streams of these NC cells, which in all species appear adjacent to and are primarily populated by NC emerging from "even-numbered" rhombomeres (i.e. r2, r4, and r6) (Lumsden et al. [@B42]; Kuratani [@B36]; Kuratani and Eichele [@B37]; Graham et al. [@B15], [@B14]). These streams migrate ventrally to populate the frontonasal mesenchyme and pharyngeal arches, whereby rhombomeric segmentation again appears to form a prepattern for NC cell migration (Köntges and Lumsden [@B33]). However, interestingly, the Hox code in the pharyngeal NC appears to be regulated independently of Hox expression in rhombomeres (see, for example, Prince and Lumsden [@B53]; Hunt et al. [@B20]; Trainor et al. [@B61]). Rhombomeres, NC cells, and the Hox code are thus recognized as conserved elements of a basic system of A-P patterning and segmentation of the posterior part of the vertebrate head (including the hindbrain and pharyngeal arches) in developmental biology. More anterior regions, such as the forebrain, do not express Hox genes and exhibit cellular organization and gene expression patterns that are much harder to interpret in a segmental manner. Posteriorly, mesodermal segmentation into somites, which dictates patterning of the spinal cord and NC migration, is under the control of a molecular segmentation clock (cycling waves of growth factor signaling and transcriptional activity) that does not appear to function in segmentation of the cranial region (Palmeirim et al. [@B50]; Jouve et al. [@B30]; Aulehla and Pourquie [@B2]; Riedel-Kruse et al. [@B54]). Taken together, these results largely support the New Head hypothesis, despite a common role for Hox genes in A-P patterning, the head is no longer recognized to be segmented in a similar way to the trunk.

Evo-Devo and head segmentation
==============================

In the early days of Evo-Devo, the task was to compare. Various animal embryos were compared at the level of morphology and gene expression patterns to identify shared versus distinct patterning programs in evolution. One striking case of a shared, and therefore evolutionarily conserved, program was the Hox code, found in all metazoan embryos with an A-P axis (bilaterians). A shared Hox code was recognized as a synapomorphy of these animals and termed the "zootype" (Slack et al. [@B59]). It was also suggested that ancestral bilateria must have possessed a certain repertoire of regulatory genes, including Hox genes, to develop three germ layers and a metazoan-style body plan, in which a Hox-dependent mechanism of positional specification was a prerequisite.

The origin of the segment-based body plan, however, still remains enigmatic. Homologous genes function in the segmentation process in apparently nonhomologous segments in distantly-related organisms. For example, the Notch signaling pathway is functional both in vertebrate somitogenesis and segment formation in some arthropods (Palmeirim et al. [@B50]; Schoppmeier and Damen [@B58]). This issue has become even more enigmatic since recent molecular evolutionary studies have suggested that the so-called protostomes consist of lophotrocozoans (annelids, molluscus etc) and ecdysozoans (arthropods, nematodes etc) (Aguinaldo et al. [@B1]). In traditional comparative zoology, annelids were long regarded as ancestral to arthropods, with a similar segmental organization, but distinct from that of chordates. However, with the new phylogenetic organization segmentation of the body axis appears to have evolved in all three major clades of metazoans. It is therefore easy to assume that segments originated in the common ancestor of bilaterians (see Carroll et al. [@B5], for example). For this to be true, however, one must simultaneously hypothesize secondary losses of segments in a tremendous number of animal phyla. Alternatively, segmentation along the A-P axis may be a much more dynamic and varied process than previously assumed. With this in mind, it becomes easier to accept that the Hox code was recruited independently in various types of segments and tissues for their positional specification during evolution. This is exactly what appears to have happened between the vertebrate head and trunk.

Another major area of Evo-Devo research has compared embryos of vertebrate model animals (mainly those of amniotes) with those of nonvertebrate chordates such as amphioxus and tunicates, as well as agnathans (lampreys and hagfishes) as representatives of the basal lineages of vertebrates. Among these, studies of regulatory gene expression patterns (including some in hemichordates) indicate that positional specification within neural tissue, at least, is largely shared among deuterostomes, and among chordates the neural tube develops along a similar ground plan. Detailed histological studies of tunicate and amphioxus nervous systems also provided supporting anatomical evidence for these conclusions (see Lacalli in this issue).

In the context of vertebrate head segmentation, developmental studies of amphioxus are particularly important. In this animal, the mesoderm is segmented all the way to the anterior tip of the head. For this reason, amphioxus was thought to represent the vertebrate archetype by some comparative embryologists (Goodrich [@B13]; Neal and Rand [@B44]). Taking the expression of Hox genes as reference points, as well as *Engrailed* expression and an enteroceoelic mode of growth as the defining features of mesodermal segments, Linda Holland and her colleagues (see Holland and Gilland in this issue) have compared rostral segments of amphioxus with hypothetical head segments in vertebrates---such as typically described in some elasmobranch embryos as well as classical studies of lamprey embryos that were heavily influenced by elasmobranch embryology. Similar comparisons were also made by Peter Holland ([@B19]) with reference to Goodrich\'s hypothesis. These arguments have been challenged by Kuratani and colleagues (see Kuratani in this issue), mainly based on observations of embryos of the Japanese lamprey, *Lethenteron japonicum*, in which mesodermal segments are absent from the anterior cranial region, similar to amniote embryos (Kuratani et al. [@B35]; Kuratani [@B34]). The question of somitomeres echoes in this controversy.

Conclusion and perspectives
===========================

By the beginning of the 20th century, comparative morphology and embryology were thought to have a clear idea of the nature of the vertebrate ancestor. By idealizing animal body plans, mainly based on shared embryonic traits, the comparative embryologists searched for archetypes, which was thought to facilitate further comparisons among higher taxa. Among these, the head was regarded to be crucial since it represented the most complex part in the body of many bilaterians (e.g. arthropods or vertebrates) and was thought to have required an integration of many evolutionarily relevant developmental processes to achieve its complex structure. Naturally, the arguments surrounding such a complex and varied structure often confused ancestral patterns with an idealistic archetype.

Segmental views of the vertebrate head can be characterized by their unity of pattern. Like Richard Owen saw every part of the vertebrate skeleton as a modified vertebra (see Owen [@B49]), segmentalists assigned all anatomical elements to either a derivative of the somites, or a derivative of tissues that become segmented in response to the same mechanisms that give rise to somites. By the beginning of the 20th century, however, such a unity became increasingly unrealistic; some studies focused only on the nervous system, others only on specific stages of embryos. A typical example is the fact that neuromeres were the central conceptual elements for morphologically oriented neurologists (Johnston [@B29]), whereas they were largely neglected by those focusing on mesodermal segments (Goodrich [@B13]). It was not until Jarvik and his colleagues put forth their segmental scheme as late as the 1980s that the unity of segments was first illustrated.

A similar dissociation characterizes current Evo-Devo studies of the vertebrate head. Despite being based on precise molecular markers or cell lineage analyzes, the search for a unified segmental scheme for the head continues to be more or less idealistic. Developmental biologists have become more aware of how developmental processes and the roles of developmental regulatory genes can change during evolution (Hall [@B16]). It is no longer so surprising that the mesoderm and neural tube might have dissociated programs of segmental patterning. The question remains, however, what the vertebrate ancestor\'s head would have looked like, and what segmental developmental program patterned the head of vertebrate ancestors that probably looked somewhat like tunicate larvae or amphioxus. To resolve this long-standing question, the *Kopfprobleme*, it now seems necessary to revisit the old comparative embryology of the head with new approaches and concepts in a modern Evo-Devo context.

[^1]: From the symposium "Vertebrate Head Segmentation in a Modern Evo-Devo Context" presented at the annual meeting of the Society for Integrative and Comparative Biology, January 2--6, 2008, at San Antonio, Texas.
